vities. Tolerances of marine animals to warming and O 2 loss are physiologically related and can be represented in a single metric: the ratio of temperature-dependent O 2 supply and demand rates. This ratio, termed the Metabolic Index (F), measures the environmental scope for aerobic activity and is governed by ocean conditions as well as thermal and hypoxia sensitivity traits that vary across species. If climate warming and O 2 loss reduce F below the species-specific minimum requirement for sustained ecological activity (F crit ), the ocean would no longer support active aerobic metabolism and, by extension, long-term population persistence.
RESULTS:
We simulated the greenhouse gasdriven global warming at the end of the Permian using a model of Earth's climate and coupled biogeochemical cycles that matches geochemical proxy data. The imposed increase in atmospheric greenhouse gas levels raises nearsurface ocean temperatures by more thañ 10°C and depletes global marine O 2 levels by almost 80%.
To predict the impact of these changes on animal habitat and survival, we measured the frequencies of Metabolic Index traits in diverse living species and used them to define a set of model ecophysiotypes. We populated the model Permian ocean with each ecophysiotype wherever conditions provide viable habitat (F ≥ F crit ), yielding an ocean with diverse, locally adapted ecophysiotypes throughout all regions. Across the climate transition, however, ocean warming increases the metabolic O 2 demand amid declining supply; this removes large fractions of global aerobic habitat for the vast majority of ecophysiotypes and implies a high likelihood of extinction. We simulated the resulting mass extinction of ecophysiotypes and found a robust geographic pattern: Extinction intensity should have been lower in the tropics than at high latitudes. The cause of lower tropical extinction is that organisms initially inhabiting these warm, low-O 2 environments can better exploit those conditions when they arise globally, whereas the habitats of more polar species disappear completely.
To test the geographic selectivity of the model extinction, we compared model predictions to spatially explicit reconstructions of genus extinction from the marine fossil record. We found that across diverse taxonomic groups, the observed extinction intensity indeed increases with latitude, consistent with the predicted signature of aerobic habitat loss. Comparison of the model to the fossil record implies that temperaturedependent hypoxia can account for more than half of the observed magnitude of regional extinction (i.e., extirpation).
CONCLUSION: Ocean warming and O 2 loss simulated in an Earth System Model of endPermian climate change imply widespread loss of aerobic habitat among animal types with diverse thermal and hypoxia tolerances. The resulting extinctions are predicted to select most strongly against higher-latitude species, whose biogeographic niche disappears globally. The combined physiological stresses of ocean warming and O 2 loss largely account for the spatial pattern and magnitude of extinction observed in the fossil record of the "Great Dying." These results highlight the future extinction risk arising from a depletion of the ocean's aerobic capacity that is already under way. 
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Schematic illustration of temperature-dependent hypoxia as a driver of the end-Permian marine mass extinction. Greenhouse gas forcing in a model of Earth's climate at the end of the Permian drives ocean warming (contours) and oxygen loss that match geochemical proxy data. Ocean warming raises the organismal O 2 demand amid declining supply. The resulting loss of aerobic habitat for diverse physiologies induces a mass extinction in model animal types (line) whose geographic signature-increased severity outside of the tropics-is consistent with reconstructions from the marine fossil record (circles). ILLUSTRATION Rapid climate change at the end of the Permian Period (~252 million years ago) is the hypothesized trigger for the largest mass extinction in Earth's history. We present model simulations of the Permian/Triassic climate transition that reproduce the ocean warming and oxygen (O 2 ) loss indicated by the geologic record. The effect of these changes on animal survival is evaluated using the Metabolic Index (F), a measure of scope for aerobic activity governed by organismal traits sampled in diverse modern species. Modeled loss of aerobic habitat predicts lower extinction intensity in the tropics, a pattern confirmed with a spatially explicit analysis of the marine fossil record. The combined physiological stresses of ocean warming and O 2 loss can account for more than half the magnitude of the "Great Dying."
V olcanic greenhouse gas release is widely hypothesized to have been the geological trigger for the largest mass extinction event in Earth's history at the end of the Permian Period [~252 million years (Ma) ago] (1, 2). At least two-thirds of marine animal genera and a comparable proportion of their terrestrial counterparts were eliminated, but the mechanisms connecting environmental change to biodiversity collapse remain strongly debated. Geological and geochemical evidence points to high temperatures in the shallow tropical ocean (3, 4) , an expansion of anoxic waters (5-8), ocean acidification (9) (10) (11) (12) , changes in primary productivity (13, 14) , and metal (15) or sulfide (16, 17) poisoning as potential culprits. However, a quantitative, mechanistic framework connecting climate stressors to biological tolerance is needed to assess and differentiate among proposed proximal causes.
In this study, we tested whether rapid greenhouse warming and the accompanying loss of ocean O 2 -the two best-supported aspects of endPermian environmental change-can together account for the magnitude and biogeographic selectivity of end-Permian mass extinction in the oceans. Specifically, we simulated global warming across the Permian/Triassic (P/Tr) transition using a model of Earth's climate and coupled biogeochemical cycles, validated with geochemical data. We then used key physiological and ecological traits measured in a diverse group of extant species to predict the magnitude and distribution of habitat loss due to the temperaturedriven increase of metabolic O 2 demand amid declining supply (18) . To assess the explanatory power of this model, we compared the predicted patterns of extinction to the global marine fossil record.
Climate warming and ocean O 2 loss
We simulated the P/Tr climate transition using the Community Earth System Model, which computes the exchanges of mass, energy, and momentum among interacting atmosphere, ocean, land surface, and sea ice components (19) . Embedded in the ocean circulation are biogeochemical cycles of O 2 , carbon, and nutrients driven by multiple plankton types. An initial climate state was equilibrated under low greenhouse gas concentrations and reconstructed paleogeography (19, 20) . The model was then subjected to an instantaneous increase in greenhouse gas concentration that was sustained for 3000 years in order to reach a warm, near-equilibrium climate ( fig. S1 ). The initial climate and subsequent radiative forcing were achieved by manipulating atmospheric pCO 2 (partial pressure of CO 2 ) across levels chosen to reproduce tropical ocean temperatures implied by isotopic proxy records (3, 4, 19, 21) . Because the rate and timing of climate change, as well as the resulting biotic disturbance, are not precisely known, the analysis of model output was based on pre-disturbance and post-disturbance equilibrium states, which we refer to simply as Permian and Triassic, respectively.
The modeled Permian and Triassic climates are consistent with geological proxy data for ocean temperature. The imposed increase in atmospheric pCO 2 raises model near-surface temperatures by~11°C in the Paleo-Tethys sea ( (Fig. 1A ) and throughout the upper ocean relative to the deep (Fig. 1C ). Warming and fresh water input to the high-latitude surface ocean ( fig. S2 ) together strengthen density stratification and weaken deep-water formation. From its near-modern state in the Permian, the meridional overturning circulation slows in the Triassic by more than 80% in both hemispheres ( fig. S3 ). Deep ocean stagnation reaches its full extent after just~300 years and persists unabated for the duration of the simulation (~3000 years).
The modeled Permian and Triassic climates are also consistent with geological proxies for marine anoxia. Abrupt warming and its attendant effects deplete the global marine O 2 inventory by~76% (~140 mmol/m 3 ), leading to extensive Triassic seafloor anoxia (Fig. 1D ) that spans the entire northern portion of the Panthalassa Ocean and the eastern tropics, similar to the observed distribution of deeper-ocean sediments deposited under anoxic conditions [e.g., (6, 22) ]. The global fraction of anoxic bottom water ( ƒ anox ) in the Permian (~0.1%) is close to modern values (~0.2%) but rises to~40% in the Triassic (Fig. 1E) , consistent with the expansion inferred from uranium isotopes in marine carbonates (7, 8) .
O 2 loss is nearly complete in the abyss, but varies strongly with latitude throughout the upper ocean (Fig. 1F) . At high latitudes, anoxia develops in waters as shallow as 150 m. In contrast, O 2 declines weakly or increases in portions of the tropical thermocline. This pattern of O 2 change cannot be explained by decreases in gas saturation alone. It requires additional changes in the cumulative loss of O 2 from microbial respiration below the surface ocean. Warming increases the rate of phytoplankton growth, whereas stratification increases their exposure to adequate sunlight, especially in high latitudes where deep convection and sea ice cover decline markedly. As a result, surface nutrients are drawn down in mid-and high latitudes and are exported in sinking particles to the deep sea (14) , thereby reducing the nutrient supply to the tropical surface ocean (23) (fig. S4 ). This shift in nutrient distribution in turn lessens the microbial O 2 demand in the tropical thermocline, partially counteracting the lowered gas saturation and limiting O 2 loss, even while anoxia develops elsewhere.
Aerobic habitat loss
The effect of warming and O 2 loss on biodiversity in the end-Permian ocean depends not only on the magnitude and pattern of environmental change, but also on the sensitivities of marine animals. Tolerances to hypoxia and warming are physiologically related (24) and can be represented in a single metric, the Metabolic Index (F), derived from the ratio of temperature-dependent rates of O 2 supply and demand (18, 19) : where pO 2 and T are the O 2 partial pressure and temperature of ambient water, respectively; k B is Boltzmann's constant; and the parameters A o (kPa −1 ) and E o (eV) represent fundamental physiological traits of a species. The inverse of A o (i.e., 1/A o , in kPa) is the minimum pO 2 that can sustain the resting metabolic rate (i.e., the "hypoxic threshold") at a reference temperature (T ref ) , and E o is the temperature sensitivity of that threshold (Fig. 2A) . The Metabolic Index measures the capacity of an environment to support aerobic activity by a factor of F above an organism's minimum requirement in a complete resting state (F = 1). For both marine and terrestrial animals, the energy required for sustained activity (e.g., feeding, reproduction, defense) is elevated by a factor of~1.5 to 7 above resting metabolic demand (18, 25) and represents an ecological trait, termed F crit . If climate warming and O 2 loss reduce the Metabolic Index for an organism below its species-specific F crit , the environment would no longer have the capacity to support active aerobic metabolism and, by extension, long-term population persistence.
We evaluated the range and frequency of traits governing the Metabolic Index across diverse modern species (19) . Physiological traits (1/A o and E o )
were estimated in 61 species that span benthic and pelagic habitats in all ocean basins across four phyla (Arthropoda, Chordata, Mollusca, and Cnidaria). The species include 28 malacostracans, 21 fishes, three bivalves and cephalopods, two copepods, and one each for gastropods, ascidians, scleractinian corals, and sharks (table S1); their range of body mass spans eight orders of magnitude. The ecological trait (F crit ) was estimated for 26 species with adequate biogeographical data. All parameters exhibited well-defined distributions reflecting the diversity and frequency of key metabolic traits among modern taxa at multiple levels of taxonomic hierarchy ( fig. S5) (19) .
We used the observed trait distributions to define a set of model ecophysiotypes and populate the model Permian ocean with each ecophysiotype wherever its traits and ocean conditions provide viable habitat (F ≥ F crit ). Although modern species and the environments they encounter differ from those present during the Permian, the use of modern hypoxia traits to define Permian ecophysiotypes is grounded in two considerations. First, among well-sampled modern taxonomic groups, including arthropods, chordates, and mollusks, the distributions of hypoxia traits are not significantly different ( fig. S5 , B to D) (19) .
This overlap of distributions implies a strong selective pressure for diverse physiological strategies for hypoxia tolerance and would apply to any cosmopolitan taxonomic group, including Permian phyla not well represented in our database. Second, the broad similarity in the temperature and O 2 conditions encountered today and in the simulated Permian climate ( fig. S6) suggests that, whatever their other anatomical and physiological differences, the Permian aerobic environment should have selected for a range and frequency of hypoxia traits comparable to those of modern species. To test the adaptive suitability of modern trait diversity to the Permian ocean, we examined whether all ecophysiotypes find suitable habitat, and whether every region of the Permian ocean would be habitable by some subset of modern ecophysiotypes.
Variations in Permian environmental conditions and the three Metabolic Index traits give rise to a diverse set of biogeographic ranges (Fig. 2 , B to D). For average physiological traits of the studied species (1/A o~4 .5 kPa and E o~0 .4 eV), F decreases with depth in the upper 1000 m but increases with latitude, restricting ecophysiotypes with higher ratios of active to resting metabolic rates to the extratropics ( In contrast, the temperature sensitivity parameter determines where F reaches its extreme values for a given distribution of temperature and O 2 (Fig. 2, C and D) . For ecophysiotypes whose hypoxic thresholds are only weakly temperature-dependent (E o < 0.1 eV), F is maximized in the shallow low-latitude ocean (Fig. 2C) . For the most temperature-sensitive ecophysiotypes (E o~1 .0 eV), F is greatest in the relatively cold waters of the high-latitude upper ocean and aerobic habitat expands with depth (Fig. 2D) . The predicted niche partitioning leaves virtually no part of the Permian ocean uninhabited, partially confirming the relevance of modern trait diversity for the Permian.
Metabolic Index traits also have a strong impact on the predicted volume of available aerobic habitat (Fig. 3A) . Ecophysiotypes with higher temperature sensitivities are able to inhabit the largest ocean volumes because most deep waters in the simulated Permian ocean are cold. In turn, ecophysiotypes with low hypoxic thresholds and/ or low values of F crit can occupy the largest ocean regions for a given temperature sensitivity. Simulated Permian habitat is available for~95% of modern Metabolic Index trait combinations, both as global ocean volume (points in Fig. 3A ) and as area on the seafloor ( fig. S7A ), further confirming that extant trait diversity is well adapted to the end-Permian ocean and is thus a sensible baseline for examining habitat loss and extinction.
Across the simulated climate transition, warming and O 2 loss remove a major fraction of aerobic habitat in the upper 1000 m for most ecophysiotypes (Fig. 3B ) by lowering their metabolic indices below F crit . The loss of habitat exceeds 90% for an ecophysiotype with the average traits; the vast majority (~95%) of ecophysiotypes experience declines, with magnitudes ranging from 20% to 100% ( fig. S8 ). Habitat loss preferentially selects against organisms with high hypoxic thresholds, high ratios of active to resting metabolic rates, and/or high temperature sensitivities. The former two traits impart low initial habitat volumes (Fig. 3A) , whereas high temperature sensitivities amplify the decline in F per degree of warming. These patterns of differential habitat loss across ecophysiotypes are also found for coastal seafloor habitats ( fig. S7B ) and are qualitatively similar across ocean depth, but the average magnitude of habitat loss increases in the abyss because of the more complete O 2 loss (fig. S9 ).
Geography of global extinction
The severity of aerobic habitat loss predicted across the warming interval implies a high likelihood of extinction for many ecophysiotypes. We simulated the extinction of ecophysiotypes, defined by a fractional loss of global aerobic habitat volume (DV i , where i indexes ecophysiotype) exceeding a specified critical threshold (V crit ; Fig. 4A ) (19) to vary across species, we computed the extinction across a wide range of values for these parameters. However, the geographical signature of the predicted mass extinction remains essentially the same irrespective of habitat depth and V crit ; extinction intensity should have been lower for tropical communities than for those at higher latitudes.
The latitudinal gradient of extinction predicted from the Metabolic Index arises from the fundamental niche partitioning of Permian ecophysiotypes across latitude prior to the warming (Fig. 4B and fig. S10A ). Ecophysiotypes with higher hypoxic thresholds and/or ratios of active to resting metabolisms are preferentially exterminated when the high latitudes warm and lose O 2 because they have no escape from inhospitable conditions. In contrast, ecophysiotypes whose Permian habitat includes the tropics must have traits pre-adapted to warm, low-O 2 environments and can better exploit these conditions when they arise globally. The extinction gradient is thus predicted to occur as long as the temperaturedependent hypoxia tolerance varies among ecophysiotypes, and as long as those with lower tolerance are confined to higher-latitude waters with a greater capacity to support aerobic activity. Under these conditions, the extinction pattern is only weakly dependent on the spatial gradients of climate warming and O 2 loss (fig. S10B), and holds regardless of the precise frequency distribution of Permian traits (figs. S10B, S11, and S12); the pattern also holds if habitat is defined by area on the seafloor or volume in the water column ( fig. S13) .
To test the predicted geographic selectivity of aerobic habitat loss, we compared the model extinction patterns to the reconstructed distribution of genus extinction across latitude (Fig. 4A and table S2) derived from fossil occurrences in the Paleobiology Database (19) . The global mean magnitude of extinction estimated from the fossil compilation (~65% of genera) agrees with globally aggregated estimates (26) but displays a previously undescribed gradient across latitude, consistent with the model predictions. The observed extinction intensity increases by~20% from the tropics to high latitudes, reaching at least 75% of genera outside of the tropics in both hemispheres. This trend is found in multiple taxonomic groupings, including those phyla with traits multiply sampled among modern taxa (arthropods, chordates, and mollusks) and in those that are not ( fig. S14A ). It is also robust to latitudinal differences in sampling intensity ( fig.  S14 , B to D) and changes in the preservation of major depositional environments ( fig. S15) (19) . The correspondence between the simulated and observed geographic patterns of selectivity strongly implicates aerobic habitat loss, driven by rapid warming, as a main proximate cause of the endPermian extinction.
Magnitude of regional extinction
Unlike the global extinction of ecophysiotypes, regional extinction (i.e., extirpation) in the model does not depend on V crit or habitat depth. The simulated extirpation is defined at a given location by the percentage of ecophysiotypes whose Metabolic Index is pushed below F crit by Triassic climate change (19) . Similar to global extinction, the extirpation of ecophysiotypes is elevated at higher latitudes but increases less systematically from the tropics (Fig. 4C ). This pattern of ecophysiotype loss arises from the counteracting influences of global warming and O 2 loss on local aerobic habitat. Declining seawater O 2 concentrations drive extirpation in up to~70% of ecophysiotypes in the high latitudes, but its impact diminishes to less than~2 0% of ecophysiotypes in the tropics, where O 2 loss is weak (Fig. 1F) . The effect of warming predicts the opposite pattern, with peak extirpation of~65% at the equator dropping to~20% at the poles. Local aerobic habitat is more sensitive per degree of warming in the tropics than in the high latitudes because F is already close to F crit for the majority of Permian ecophysiotypes (Fig. 2, B to D) . The realized impact of temperature on local habitat is therefore largest in the tropics because the pattern of upper-ocean warming is relatively constant across latitude (Fig.  1C) , in contrast to the pattern of O 2 loss (Fig. 1F) .
Penn et al., Science 362, eaat1327 (2018) 7 December 2018 4 of 6 ) are varied from 500 to 4000 m (colors) and from 40 to 95% (right-axis labels), respectively. The observed extinction of genera combines occurrences from all phyla in the PBDB (points). Error bars are the range of genera extinction across two taxonomic groupings: phyla multiply sampled in the modern physiology data (arthropods, chordates, and mollusks) and all other phyla. Latitude bands with fewer than five Permian fossil collections are excluded. The average range is used for latitude bands missing extinction estimates from both taxonomic groupings (i.e., 80°S, 30°S, and 40°N). The main latitudinal trend-increased extinction away from the tropics-is found when including all data together and when restricting to the best-sampled latitude bands ( fig. S14) To test the predicted intensity of regional extinction, we used fossil occurrence data to estimate the extirpation of marine genera across the end-Permian extinction (19) . The fossil extirpation intensities are more severe than fossil extinction intensities across all latitude bands (global meañ 93% ± 8% spatial SD) but show a similar gradient, increasing outside of the tropics (Fig. 4D) . Extirpation exceeds extinction because not all locally lost genera disappeared globally, whereas all extinct genera were, by definition, extirpated everywhere. We can account for the effect of globally extinct ecophysiotypes in the model extirpation by using a combination of V crit and habitat depth that predicts an equal contribution of aerobic habitat loss to both the observed regional and global extinction (19) . Doing so increases the extirpation outside of the tropics, yielding a latitudinal gradient similar to the fossil data.
If we assume that the fossil occurrences primarily reflect habitat conditions above 500 m water depth (27) , the global mean magnitude of ecophysiotype extirpation (67% ± 18% spatial SD) accounts for~72% of the mean observed magnitude of genera extirpation (i.e., 93%; Fig. 4D ). Including in this comparison the spatial variations in model extirpation yields a range explaining~53 to 92% of the observed extirpation magnitude. Additional extinctions due to temperature-dependent hypoxia would have likely arisen from ecological interactions (28) , including food web effects, because hypoxia-tolerant species could still be eliminated if they were dependent on hypoxiavulnerable ones. Temperature-dependent hypoxia can thus account for the majority of biodiversity losses during the end-Permian mass extinction.
Discussion
Global warming and ocean O 2 loss were accompanied by other Earth system changes during the end-Permian crisis that likely added to the effects of temperature-dependent hypoxia. In our simulations, net primary productivity is reduced by~40% globally, with strongest declines in the low latitudes, where essential nutrient supply to phytoplankton is most curtailed (fig. S4) . Thus, acting alone, productivity losses would amplify extinction risk outside of the high latitudes, opposite to the pattern observed in the fossils.
Outgassing of CO 2 from the Siberian Traps would also have acidified the ocean (12), causing additional impacts via hypercapnia and/or reduced calcification (9, 29) . These CO 2 effects are hypothesized to drive taxonomically selective extinctions, which may account for the~10% lower mean genus extinction intensity for arthropods, chordates, and mollusks than for other less physiologically buffered phyla ( fig. S14A ). For the most heavily calcified animals in our modern trait dataset, the cold-water coral Lophelia pertusa and the scallop Pecten maximus, predicted losses of aerobic habitat are~94% and~100%, respectively, suggesting a high extinction risk for calcifiers even without a direct CO 2 effect. Attributing taxonomically selective extinction (9, 29) to physiological mechanisms will require more metabolic trait data, including from CO 2 effects on both calcification and aerobic habitat (hypercapnia), and from Permian phyla underrepresented in our database. However, the latitudinal gradient of extinction arising from the carbon cycle perturbation is unlikely to explain higher rates of tropical species persistence, for the same reason that hypoxia increases extinction at higher latitudes. Because the most corrosive waters are found poleward, species least tolerant of low pH or carbonate saturation would have been confined to the tropics and thus without refuge in an acidifying ocean.
The end-Permian mass extinction resulted in the largest loss of animal diversity in Earth's history, and its proposed geologic trigger-volcanic greenhouse gas release-is analogous to anthropogenic climate forcing. Predicted patterns of future ocean O 2 loss under climate change (30, 31) are broadly similar to those simulated here for the P/Tr boundary. Moreover, greenhouse gas emission scenarios projected for the coming centuries (32) predict a magnitude of upper ocean warming by 2300 CE that is~35 to 50% of that required to account for most of the end-Permian extinction intensity. Given the fundamental nature of metabolic constraints from temperature-dependent hypoxia in marine biota, these projections highlight the potential for a future mass extinction arising from depletion of the ocean's aerobic capacity that is already under way.
